. Northern Analysis of tRNA1 Tyr and tRNA 2 Arg at Low Resolution Total RNA samples were isolated from 14 ml of culture as described in Experimental Procedures and dissolved in gel loading buffer in a volume of 240 l per A 550 of culture. Ten l of RNA sample was subjected to electrophoresis and Northern analysis as in Experimental Procedures except that the xylene cyanol dye was run for only 7 cm. Hybridization was at 37ЊC for each tRNA. (A) tRNA 1 Tyr ; (B) tRNA 2 Arg .
were synthesized to have the least amount of sequence Northern analysis at higher resolution, these exoribonucleases are required to complete the 3Ј maturation homology with tRNAs other than the one of interest. This, coupled with control of the stringency of hybridizaof tRNA. tion and washing to allow only the most stable hybrid to form, enabled us to examine many tRNA species Detailed Analyses of Individual tRNA Species Using mutant strains, we have carried out a detailed individually.
We first examined whether the absence of multiple analysis of the roles of RNases II, D, BN, T, and PH in the 3Ј maturation of 12 different E. coli tRNAs (Table 1) . exoribonucleases had any effect on either the 5Ј endonucleolytic cleavage carried out by RNase P or on the This group includes tRNAs that vary in length from 74 to 95 nucleotides, that have different types of downstream removal of long 3Ј trailer sequences, such as are found in the initial transcript of tRNA1
Tyr (Rossi et al., 1981) . As sequences and RNAs, that vary in location within operons, and that are present at different copy numbers. We shown in Figure 1 , the only products detected in vivo with probes directed against tRNA1
Tyr ( Figure 1A ) or believe that this varied and large sampling is representative of most of the types of tRNA transcripts that are tRNA 2 Arg ( Figure 1B ) are very close in size to the mature tRNA species. This is true even in a series of strains encountered in E. coli, and should provide a clear indication of the importance of individual exoribonucleases lacking various combinations of four different exoribonucleases and which are known to be severely affected for the maturation of tRNA. It should be noted, that unless indicated, PNPase is still present in the RNasein growth and tRNA maturation (e.g., PH Ϫ , T Ϫ , II (Bikoff and Gefter, 1975; Schedl et al., 1976) , and much of our general knowledge of tRNA processing comes from work with these molecules. Because of this, we have examined the in vivo maturation of these species in the most detail. Figure 2A shows a Northern analysis of tRNA 1 Tyr using electrophoresis conditions that can resolve RNAs with length differences of one nucleotide. The sizes of the tRNA products were calibrated using a commercial sample of tRNA Tyr (lane 2), and in some cases, a DNA sequencing ladder. As in Figure 1, In contrast, elimination of both RNases T and PH leads to the accumulation of a substantial amount of product with 2 or 3 extra residues (lane 6) indicating that these two RNases play an important role in the maturation of tRNA1
Tyr and that at least one of them needs to be present for proper processing of this tRNA in vivo. This conclusion is reinforced by data from quadruple mutants in which only one of the five tRNA-processing exoribonucleases is present (lane 8-12). When either RNase T or RNase PH is available, predominantly mature tRNA is made (lane 8 and 9). However, when both RNases are missing, precursors accumulate (lanes 10-12), with the largest amount in a cell with only RNase II (lane 11). Quantitation of the data in Figure 2A , presented in Table  2 , indicates that as much as 70% of the tRNA1 Tyr may be cursors may be as much as 4 residues longer than mal of sample, containing 6-9 g of RNA, was subjected to electrophoresis as in Figure 1 precursor molecules (Li and Deutscher, 1994) . Thus, the accumulation of tRNA 1 Tyr precursors in the various mutant difference in the efficiency with which RNase T and strains is directly attributable to the exoribonucleases RNase PH act on the tRNA precursor ( Figure 3 ). Removal absent in those strains.
of RNase T (lane 3) had no effect on processing, whereas To stress the mutant cells further, we have carried removal of RNase PH (lane 2) had a significant influence. out similar experiments with cells in which the tyrT gene Likewise, when only RNase PH was present (lane 7), was present on plasmid pBR325 and in which tRNA1
Tyr is tRNA processing was complete, whereas when RNase overexpressed ‫-02ف‬fold ( Reuven and Deutscher, 1993) . Under these conditions it was possible to discern a T was the only RNase remaining (lane 6), a substantial Table 2 ) for which strains containing only RNase It is also evident from the data in Figure 3 These data demonstrate that the maturation of very closely processing exoribonuclease present, there is a major reduction in the total tRNA 1 Tyr signal. Based on the Southrelated tRNAs can differ with respect to which processing enzymes carry out the trimming of 3Ј precursorern hybridization shown in Figure 4A , this effect is due to a much lower plasmid gene copy number in these specific residues. We have also examined the maturation of tRNA Tyr su 3 ϩ two RNase-deficient strains. The maturation of tRNA 2 Tyr in the exoribonuclease-defiexpressed from the single-copy plasmid, pOUCCA (Reuven and Deutscher, 1993) . The use of a single-copy cient strains differs markedly from that of tRNA 1 Tyr ( Figure  2B ; Table 2 ). Although a small reduction in maturation plasmid allowed for direct comparison of the maturation Tyr , Expressed from a Multicopy Procedures. Hybridization with the tRNA1 Tyr -specific oligonucleotide, Plasmid which detects both the chromosomal and plasmid-borne copies of the tyrT and su 3 ϩ genes, was carried out at 37ЊC. DNA from strain Total RNA was prepared as described for Figure 1 of the suppressor tRNA with that of the chromosomeborne tyrT gene encoding tRNA1 Tyr , which differs from the suppressor tRNA by a single anticodon nucleotide. As shown in Figure 2C , the probe used to detect the suppressor tRNA is highly specific with almost no signal due to tRNA 1 Tyr or tRNA 2 Tyr in a strain lacking the plasmid (lane 1). The data in Figure 2C and Table 2 show that maturation of the suppressor tRNA is similar to that of its parent tRNA 1 Tyr ( Figure 2A ) in that RNases T and PH are of most importance and RNases D, II, or BN (lanes 7-9) are processing poorly. However, maturation of the suppressor tRNA with either of the latter three enzymes alone is much less complete than with tRNA1
Tyr (Table 2 ). These findings are in complete agreement with earlier in vitro studies of tRNA Tyr su3
ϩ maturation (Li and Deutscher, 1994) and with measurements of suppressor activity in RNase deficient strains (Reuven and Deutscher, 1993) .
Interestingly, as was observed when tyrT is carried on a pBR plasmid ( (Fournier and Ozeki, 1985) . Accordingly, each was examined by Northern analysis with a tRNA-specific oligonucleotide probe (see Experimental Procedures).
Northern analysis of tRNA 1 Val is shown in Figure 5A and is quantitated in Table 2 . Complete maturation of this tRNA species is more strongly dependent on RNase PH than in any other tRNA examined. In the absence of this enzyme (lanes 2, 4, 6, and 8-10) large amounts of precursors accumulate that contain up to 5 extra nucleotide residues. Although other exoribonucleases can substitute for RNase PH to a limited degree since Table 2 ). A significant level T (lane 6) or RNase BN (lane 10) are present alone. RNase of processing intermediates accumulates in all the mu-T does not process this tRNA species very well, leaving tant strains indicating that each of the exoribonucleases a majority of products with ϩ3 or ϩ4 residues. However, contributes to the overall maturation of this tRNA spesince the ϩ1 or ϩ2 intermediates do not accumulate, cies. However, the relative effectiveness of the various RNase T must act efficiently on these forms once they RNases for processing tRNA 2 al differs yet again ( Figure 5C ; Table 2). The major differences are evident when RNase residues of this precursor, but that most of the RNases could remove the ϩ1 and ϩ2 residues. RNase II, as with all the tRNAs examined ( cleavage of the downstream tRNA2
Arg , only these three extra 3Ј nucleotides would remain on the tRNA3
Ser precursor. Nevertheless, RNases D, II, or BN, when each is the been identified. Moreover, as Northern blotting reveals only 3Ј tRNA processing enzyme present in the cell, are that the rtT mRNA is present at low levels compared relatively inefficient in removing the 3 U nucleotides.
with tRNA 1 Tyr (data not shown), it is possible that the 3Ј This suggests that simply the length of the 3Ј tail might trailers of most of the transcripts are removed exonot be the major factor limiting the efficiency of 3Ј matunucleolytically, and only a small portion are cleaved by ration.
an endonuclease. In fact, in earlier work we showed (Li and Deutscher, 1994) . Alternatively, of both RNase T and RNase PH leads to about a 20% it is possible that rtT mRNA is subject to rapid degradareduction in mature tRNA, whereas removal of RNases tion and, therefore, does not accumulate to a significant D, II, and BN has little effect. Both cells grow equally well at 30ЊC, but upon raising the temperature to 45ЊC, the latter strain ceases growth ( Figure 6A ), presumably due to the rapid loss of RNase Removal of a Long 3 Trailer Sequence Certain tRNA transcripts, such as that for tRNA1
Tyr , con-II activity ( Figure 6B ), and the resultant absence of both PNPase and RNase II, which leads to inviability (Donotain long 3Ј trailer sequences, but the mechanism by which these sequences are removed has not been deter- van and Kushner, 1986) . Northern blotting with specific probes was then used to examine the accumulation of mined. In the case of the transcript including tRNA1
Tyr , it would be expected that an endonucleolytic cleavage both tRNA 1 Tyr and rtT-mRNA. Based on Northern analysis, at 30ЊC, both strains acwould be responsible because downstream of the tRNA Tyr sequence there is an mRNA, termed rtT mRNA, cumulate elevated levels of tRNA 1 Tyr and rtT-mRNA compared to cells without the plasmid (data not shown). that encodes a small, functional protein (Basl and Kersten, 1991). However, such an endoribonuclease has not
After the shift to 45ЊC, the amount of tRNA 1 Tyr present in both cells increases close to 6-fold over a period of 4 inactivates the temperature-sensitive RNase II, some precursors to tRNA 1 Tyr , amounting to ‫%03ف‬ of the total hr ( Figure 6C) , and as will be discussed below, even in tRNA, accumulate with time; this does not happen when the II ts cell at least 70% is mature tRNA. These data either RNase II or PNPase is present (data not shown). demonstrate that mature tRNA1
Tyr can be generated in These results suggest that either RNase II or PNPase vivo in the absence of both PNPase and RNase II, and, can participate to a small extent in removal of the last therefore, that some other nuclease is able to remove few 3Ј residues from the precursor to tRNA 1 Tyr . In an the 3Ј trailer sequence. The accumulation of rtT mRNA RNase II ϩ strain lacking other exoribonucleases, the is quite different (Figure 6D ). In the absence of RNase presence or absence of PNPase does not influence the II (II ts strain), rtT mRNA increases about 7-fold over the amount of tRNA 1 Tyr precursor that accumulates (data not 4 hr period concomitant with the tRNA. This observation shown). These data support the conclusion that PNPase indicates that an endonucleolytic cleavage must take can contribute slightly to tRNA maturation by substitutplace to separate the tRNA and the mRNA. In contrast, ing for RNase II, but as with RNase II, it substitutes in the presence of RNase II there is no accumulation of poorly for any of the other RNases in tRNA processing. rtT mRNA, and its amount decreases during the 4 hr. However, it is also possible that PNPase does not have These data suggest that the usually low level of rtT a direct effect on tRNA maturation, but rather, that its mRNA in vivo is likely a consequence of degradation by presence relieves RNase PH in some other process and RNase II subsequent to its production by endoribomakes more of it available for tRNA processing. nuclease action.
An interesting sidelight to these data is that two forms Discussion of rtT mRNA were detected. The larger one is ‫071ف‬ nt in size, the same as reported (Basl and Kersten, 1991) ;
The work described here provides the first detailed analthe shorter, more abundant species has a size of ‫031ف‬ ysis of an RNA maturation pathway in vivo including all nt and is the only product detected in strains carrying the relevant processing enzymes. Previous studies from pBRTyrT-rtT. Primer extension analyses indicated that this laboratory had identified the E. coli RNases that the two forms differ at their 5Ј ends (data not shown).
influence the level of a suppressor activity in vivo (ReuThe shorter mRNA retains the putative ribosome binding ven and Deutscher, 1993) , and other studies had examsite and presumably would be fully active for protein ined the catalytic capabilities of each RNase in vitro (Li synthesis. These data differ significantly from those re and Deutscher, 1994) . With the current information, we ported by Basl and Kersten (1991) . However, the primer now have a clear understanding of what each of the used in their analyses was located close to the 5Ј end previously identified RNases actually contributes to and would not have detected the shorter mRNA species.
the overall tRNA maturation process as it functions in At present, we do not understand the reason for two the cell. These studies were made possible by the rtT mRNA species, but their existence raises questions availability of a series of mutant strains that lack varabout the location of the endonuclease cleavage(s) and ious RNases, alone or in combination (Reuven and whether more than one endonuclease might be involved. Deutscher, 1993) , and by highly-specific Northern analyses. The tRNA precursor species examined are representative of a wide range of structural features and geRole of PNPase in tRNA Maturation nome organization and, consequently, should provide It has been difficult to assess the involvement of PNPase information on most types of tRNA precursors that are in tRNA maturation because of the limitation in conencountered in an E. coli cell. structing suitable mutant strains. For example, cells
Several important generalizations about tRNA procontaining only PNPase, but lacking the exoribocessing in vivo emerge from this work: first, maturation nucleases, RNases II, D, BN, T, and PH, are inviable of the 3Ј terminus of tRNA precursors requires the direct ( Kelly and Deutscher, 1992a) ; likewise, cells lacking both action of exoribonucleases; second, at least five, and PNPase and RNase II are inviable (Donovan and Kush- perhaps six, exoribonucleases can contribute to the ner, 1986). It is known that cells lacking only PNPase maturation process; third, the importance of various exare unaffected in the synthesis of tRNA Tyr su 3 ϩ (Reuven oribonucleases to the maturation process differs with and Deutscher, 1993) , whereas in the absence of both the particular tRNA precursor, although RNase PH and PNPase and RNase PH, suppressor activity is greatly RNase T are usually most effective; fourth, 5Ј processing decreased (Kelly et al., 1992) . Recent data indicate that can proceed to completion in the absence of 3Ј maturathis effect is not due to decreased synthesis of the tion; and fifth, the long 3Ј trailer sequence in at least tRNA Tyr suppressor, but to ribosome defects (Z. Zhou one tRNA precursor is removed by an endonucleolytic and M. P. Deutscher, unpublished data). As discussed cleavage. above, purified PNPase does not catalyze removal of While these generalizations provide important, new the last few nucleotides from the intermediates in the information about the tRNA maturation process, potenmaturation of tRNA2 V B al that accumulate in certain mutant tially the most important and clearly surprising conclustrains. However, PNPase can remove most of the long sion is that there is no defined processing pathway for 3Ј trailer sequence from a tRNA Tyr su3 ϩ transcript (Li and a tRNA precursor. Rather, it appears that all the tRNA Deutscher, 1994) .
precursors are accessible to all the RNases, and that To help clarify the role of PNPase, and to assess any available RNase that can act on a precursor during whether it might be able to participate in tRNA 1
Tyr maturaany stage in the maturation process, has the opportunity tion in vivo, the samples analyzed in Figure 6 were subto do so. Under such a scenario, there would be suffijected to high resolution electrophoresis prior to Northcient total RNase activity to process all the tRNA precursors, and other RNAs as well, but which RNase might ern analysis. Upon shifting from 30Њ to 45ЊC, which act on a particular RNA at a particular step would be 2), although it may play a more important role in the stochastic. The relative effectiveness of a particular removal of residues further downstream of the tRNA 3Ј RNase for a specific RNA would depend on the relative terminus. Undoubtedly, the primary function of RNase concentrations of the potential RNA substrates, the II lies elsewhere in RNA metabolism (Donovan and Kushbinding affinities for the different RNAs, and the catalytic ner, 1986), and its influence on tRNA processing only efficiencies for the particular reaction to be carried out. becomes significant when the other tRNA 3Ј processing Thus, all RNAs would have the potential for competing enzymes are eliminated by mutation. Coburn and with each other, and overexpression of one RNA species Mackie (1996) recently suggested, based on studies with would affect processing of other RNA molecules. There a model substrate, that RNase II would not act on RNAs also would not be an obligatory order for tRNA prolacking at least 10 protruding unpaired nucleotides adjacessing that applied to all tRNA species or even to all cent to a duplex structure. Our in vivo data indicate that molecules of a single species. Whether such a stochasRNase II can remove nucleotides, albeit slowly, that are tic mechanism applies to other RNA maturation promuch closer to a duplex, generating mature tRNA in cesses remains to be determined. At a minimum, these which only 4 unpaired nucleotides protrude from the observations raise the possibility that defined proaminoacyl stem. cessing pathways do not exist, and they may explain Whether PNPase can participate in tRNA maturation why mutations in processing enzymes often result in no in vivo remains unclear. We have presented some eviphenotype and why studies with different precursors dence that PNPase may be able to function in this prooften lead to differing conclusions about the order of cess to a limited degree based on the more complete processing events.
maturation of tRNA 1 Tyr in a cell containing both RNase As an example, RNase P is known to act most effi-PH and PNPase compared to one with RNase PH alone. ciently on tRNA precursors with short 3Ј trailer seHowever, PNPase is not necessary when RNase II is quences, although it does have some level of activity present, suggesting that its role overlaps with that eneven on molecules with long 3Ј trailers (Altman et al., zyme. PNPase and RNase II prefer unstructured RNAs 1987) . Thus, under most circumstances RNase P would as substrates (Deutscher, 1993) , so that their major role not cleave at the 5Ј end until most of the 3Ј trailer was in tRNA maturation would probably be limited to action removed. However, in a fraction of the molecules, that on longer 3Ј trailers, as has been shown in vitro (Li could vary with the precursor, RNase P might act even and Deutscher, 1994 ). As we have now shown that an before removal of the 3Ј trailer. If the reaction that reendonuclease exists that can remove these residues, moves the long 3Ј trailer were slowed down, perhaps the involvement of RNase II and PNPase in 3Ј trailer by elimination of the 3Ј endonuclease, then it would not removal is less certain. Identification and elimination by be surprising to observe that RNase P cleaved first in mutation of the relevant endonuclease should help to a majority of the molecules. In the studies described resolve this point. here, tRNA precursors are processed by RNase P to A final question remaining is why there are so many completion whether or not a short 3Ј trailer remains.
RNases that participate in maturation of the 3Ј end of RNase P action on 3Ј-shortened precursors is the fatRNA. We suspect that this situation is more apparent vored reaction, but whether it occurs on all tRNA precurthan real. The multiple exoribonucleases are needed for sors prior to removal of the last 3Ј residues cannot be many different processes within cells, some of which ascertained, and probably differs with different precurrequire a subspectrum of all the available enzymes. For sors and even among molecules of a single precursor example, RNase II or PNPase is essential for mRNA species.
degradation (Donovan and Kushner, 1986) , RNase T is Removal of the last few 3Ј nucleotides is clearly the required for 5S RNA maturation (Li and Deutscher, 1995) , most promiscuous of all the tRNA processing events and RNase PH or PNPase is needed for ribosome biobecause there are multiple exoribonucleases that can genesis (Z. Zhou and M. P. Deutscher, unpublished catalyze the trimming reactions. RNase PH and RNase data). Thus, for many of these enzymes their primary T carry out these reactions most effectively, but this is function may lie elsewhere, but their specificity is such not uniformly true. For example, while RNase PH is acthat they also might be able to act on certain tRNA tive on all tRNA species tested, RNase T acts very poorly precursors when the primary enzyme(s) for this process on the tRNA 2 V B al intermediates with 3 or 4 extra 3Ј nucleohave been eliminated. Inasmuch as mutant strains lacktides; however, the ϩ1 and ϩ2 residues of this precursor ing RNases D, II, and BN show very little effect on tRNA are removed rapidly by RNase T ( Figure 5C , lane 6). maturation ( (Reuven and mutation of precursor-specific residues might help to Deutscher, 1993) was considered wild type for these studies. Strain clarify this issue.
CA244⌬TyrT was constructed by P1 transduction using a strain with RNase II is the least effective of the five exoriboa deleted tyrT gene kindly provided by Dr. H. Kersten ( Basl and Kersten, 1991) . Exoribonuclease-deficient derivatives of CA244 and nucleases in removing the last few 3Ј nucleotides (Table CA244⌬TyrT were reported previously (Reuven and Deutscher, prehybridized for 30 min in buffer containing 4ϫ SSC, 0.5% SDS, 1ϫ Denhardt solution, 0.1 mg/ml denatured salmon sperm DNA. 1993; Kelly and Deutscher, 1992a; Deutscher, 1994, 1995 (Li and Deutscher, 1994) . Tetracycline-resistant colonies were assayed to tion, hybridization, and washing for each specific probe. However, different temperatures were used with different probes as indicated identify those that had lost RNase T activity. Likewise, strain 18-11II ϩ PNP Ϫ T Ϫ -which lacks PNPase, RNase T, RNase D and RNase in the figure legends. BN, but contains RNase II-was constructed in a similar fashion using a II ϩ recipient. The mutations in PNPase, RNase D, RNase T, Southern Analysis and RNase PH are nulls. The mutations in RNase II and RNase BN Total DNA was isolated from cells grown to an A 550 ≈ 1. The DNA have not been defined, but they lead to >98% loss of the relevant was digested to completion with PvuII, and then loaded on a 1% activity. All the strains used in this study are stable. Previous work agarose gel. After separation of the fragments, the DNA was trans-( Kelly and Deutscher, 1992a) has also shown that inactivation of one ferred to a GeneScreen Plus membrane. The membrane was prehyor more RNases does not lead to overexpression of the remaining bridized in 10% dextran sulfate-1% SDS-1 M NaCl for 15 min, as enzymes. Thus, expression of the various exoribonucleases appears per manufacturer's recommendations, followed by the addition of to be independent. denatured salmon sperm DNA (final concentration, 0.1 mg/ml) and Plasmids pBRTyrT and pOUCCA have been reported ( Reuven and a 32 P-labeled oligonucleotide probe. Hybridization was continued Deutscher, 1993) . Plasmid pBRTyrT-rtT was constructed by placing overnight. The membrane was washed twice for 30 min each with a 178 bp HindIII fragment containing part of the rtT gene from the 2 ϫ SSC-1% SDS prior to autoradiography. tyrT operon (Basl and Kersten, 1991) into the HindIII site of pBRTyrT. The sequence of this construct was confirmed by DNA sequencing.
Primer Extension pBRTyrT-rtT contains a single copy of the tyrT gene, encoding
The protocol for primer extension was the same as previously detRNA 1 Tyr , followed by the rtT gene and a major terminator sequence scribed (Li and Deutscher, 1995) except that different amounts of of the tyrT operon. RNA and 32 P-labeled primer were used.
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